Purpose: To identify the clinical features of the syndrome Frank-Kamenetsky and determine the criteria of early formation of glaucoma. Materials and Methods: We observed 52 patients. Follow up period was from 5 to 22 years. The first group (juvenile) consisted of males who had the first signs of glaucoma diagnosed before the age of 12 (n = 22). The average age of the group was 10.1 ± 2.4 years. The control group included healthy males (n = 30) in the same age range (average age 7.2 ± 1.6 years). The second group (adults) consisted of patients who had the first signs of glaucoma diagnosed after the age of 18 and elder. The average age of the group was 32.44 ± 6.28 years. The control group had males (n = 30) in the same age range (average age 26.59 ± 4.12 years). The inclusion criterion was: the presence of congenital bilateral mesodermal iris leaf hypoplasia, trabecular dysgenesis signs, the presence of blood relatives on the maternal line (grandfather, uncle) male with similar changes iridociliary zone and glaucoma. Criteria of glaucoma formation were: increased IOP more than 21 mmHg with accompanying it expansion of the cup/disc ratio, reducing the thickness of the nerve fiber layer (RNFL) according to OCT. Results: It was found that FrankKamenetsky Syndrome had an X-linked with sex, recessive inheritance and was characterized by bilateral congenital irisdysgenesis and goniodysgenesis with the accession glaucoma. Predictors of glaucoma formation in early childhood are a combination of: 1) congenital subtotal atrophy of iris mesodermal layer (from 0 to 30 mkm) with signs of progressive dystrophy; 2) nonprogressive congenital megalocornea (cornea diameter 12 -14 mm); 3) iridotrabecular dysgenesis of II-III degree; 4) hyperopic refraction in axial myopia.
Introduction
To our knowledge, this syndrome was first described in Russia in 1925, was characterized by congenital atrophy of the mesodermal layer of the iris and goniodysgenesis and led to the development of glaucoma [1] - [3] . It was later named as Frank-Kamenetsky Syndrome in honor of the discoverer. This syndrome is different from "congenital hypoplasia of the iris stroma" because it is an X-linked recessive as opposed to autosomal dominant in its inheritance. In addition, the long-term (over 20 years) patient follow up period allowed revealing of features for the syndrome and glaucoma [4] - [6] .
In a retrospective study of medical records, it is found that the formation of glaucoma in these patients occurs either in a child aged from 0 to 12 years or in an adult in their second or third decade of life. The cause of congenital glaucoma formation changes in iridocorneal angle, "cog" fixing of the iris and the gray veil mesodermal tissue inclusions in the trabecular zone. In contrast to other forms of congenital glaucoma, forming of buphthalmos and acute IOP decompensation never occurs. Glaucoma occurs as open angle form, which makes it difficult to diagnose in the early stages of development. It is suggested that the mechanisms of glaucoma development in different ages can have fundamental differences. These differences are dependent on the combination of several characteristics of mesenchymal dysgenesis inherited in this syndrome.
Purpose
To identify the clinical features of the Frank-Kamenetsky syndrome and determine the criteria of early formation of glaucoma
Materials and Methods
The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the institution. All patients signed an Informed Consent form prior to participation in the study.
Subjects
52 patients (males) with Frank-Kamenetsky syndrome. The control group included 60 patients (males).
Therefore, in the future, all patients were divided into two groups according to their glaucoma development time to identify specific symptoms and patterns of disease formation:
1) The first group (juvenile), consisted of males who had the first signs of glaucoma diagnosed before the age of 12 (n = 22). The average age of the group was 10.1 ± 2.4 years. The control group included healthy males (n = 30) in the same age range (average age 7.2 ± 1.6 years).
2) The second group (adults), consisted of patients who had the first signs of glaucoma diagnosed after the age of 18 and elder. The average age of the group was 32.44 ± 6.28 years. The control group were males (n = 30) in the same age range (average age 26.59 ± 4.12 years).
The inclusion criterion were: the presence of congenital bilateral mesodermal iris leaf hypoplasia, trabecular dysgenesis signs, the presence of blood relatives on the maternal line (grandfather, uncle) male with similar changes iridociliary zone and glaucoma. Criteria of glaucoma formation were: increased IOP more than 21 mmHg with accompanying it expansion of the cup\disc ratio, reducing the thickness of the nerve fiber layer (RNFL) according to OCT.
Ophthalmological Examination
Ophthalmological examination included standard methods of diagnosis (visual acuity measurement, biometry, refractometry, ophthalmoscopy, gonioscopy) as well as examinations of morphology iris and optic nerve-optical coherence tomography (Cirrus HD-OCT, Carl Zeiss Meditec Inc., USA), ultrasound biomicroscopy imaging (UBM-840, Hamphrey).
Statistical Analysis
The statistical data on all the studied parameters was represented as the mean value ± standard deviation. The difference between the treatment groups and control group was defined using Mann-Whitney U-test. The critical level of significance P upon the examination of statistical hypotheses was 0.05. All the calculations were made using the program STATISTICA 8.0, Stat Soft. Inc., USA.
Results

The Study of the Iris.
In the process of examination and long-term follow up of the patients with the syndrome, it was found that the symptomatic feature is a peculiar congenital hypoplasia of the iris stroma with exposure of its pigment epithelium. In addition this is always a bilateral process (i.e. both eyes are affected). While the defect of the front mesodermal iris layer is congenital, the destruction of the backsheet is acquired, appearing later in life and progressing throughout. External changes in the iris are so consistent and typical that after the examination of the patients it seems that they are close relatives or brothers (Figure 1) .
While the normal pupillary zone [7] of an iris is darker than a ciliary zone, all patients with the syndrome have thicker, light gray or yellow, lackluster pupillary zone, devoid of the normal luster. The periphery of the iris looks like a wide ring of contrasting brown or blue-purple. The reason for the color contrast is the hypoplasia of the iris stroma, through which the pigment epithelium is seen.
In 44.4% of the cases of the patients in the juvenile group, and in 6.8% of the cases of the patients in the adult group in addition to the two-color staining there was also rough damage of the iris:
1) Iridoschizis and radial zones of the transillumination around the iris periphery.
2) Slotted through-defects of the iris in the ciliary zone ( Figure 2 ).
3) Polycoria ( Figure 3 ).
4) Ectopia and pupillary ring deformation (Figure 4).
Long-term iris monitoring in patients of this group has revealed that the iris abnormalities are the successive stages of the progressive atrophy of the stroma and the destruction of the pigment epithelium.
The study of the iris by the OCT method [8] confirmed the presence of rough congenital bilateral hypoplasia of the stroma in patients of the juvenile group ( Figure 5 ). In the control group, the thickness of the iris stroma was from 460 to 283 microns. The iris stroma of the juvenile group was severely thinner, up to its complete absence in the ciliary zone (from 126.0 mkm to 0 mkm) and was 3 -5 times thinner than that of healthy children. In the adult group, the thickness of the iris stroma was also thinner and it was on average 209.27 ± 44.27 mkm (P = 0.001). The pigment layer in all patients with the syndrome was dramatically thickened, up to 70 microns at the limbus and up to 90 microns in the pupil area, which is almost 1.5 times higher than normal ( Figure 6 ). The smallest thickness of the pigment layer was registered next to the iris through-defects. That is, with the progression of the process there is rupture and wrinkling of the tissues, rather than atrophy of the tissue.
Features of the Iridocorneal Angle
Goniodysgenesis is characterized by the front fastening of the iris above the trabecular meshwork or fastening of the iris to the modified anterior border of the Schwalbe's ring, which was protruding into the anterior chamber in the form of the crest and was characterized as a posterior embryotoxon. Posterior embryotoxon was detected in patients of the juvenile group in 100% of the cases (Figure 7) .
The degree of goniodysgenesis (classification Hoskins HD Jr., Shaffer RN: 1-Trabeculodysgenesis, 2-partial iridotrabekulodysgenesis, 3-full iridotrabekulodysgenesis)), evaluated by a point system, in this group of patients juvenile group was 2.1 ± 0.71, in individuals of adult group 1.19 ± 0.04, which significantly exceeds the control group −0.05 ± 0.22 and 0.07 ± 0.26 respectively (P = 0.004 and P = 0.05). Despite the fact that such a condition of the anterior chamber angle should lead to a complete pre-trabecular meshwork retention, acute decompensation of IOP in patients was not observed, which is very different for this form of glaucoma in comparison with simple congenital glaucoma. Perhaps this can be explained by the hypoplasia of iris stroma in patients with the syndrome when the partial drainage of aqueous humor is preserved. It was found that the through-defects of an iris are formed at the initial stromal thickness of up to 30 microns.
Cornea
It was found that the clinically significant corneal pathology [9] [10] was diagnosed in the majority of the juvenile group patients. There was an increase in congenital corneal diameter of more than 12 mm (Figure 8) with normal values of intraocular pressure in 20 of the researched cases, which determined a significant difference (F-criterion-4.33 with a significance level of P = 0.05) on the basis of the control group. This condition was diagnosed as megalocornea.
Corneal thickness of patients with megalocornea averaged 591.57 ± 52.67 mkm, resulting in an increase in the average thickness of the cornea in juvenile group patients of 50 microns, compared with healthy children.
In addition, it was found that the increase of the cornea diameter in patients born with the Frank-Kamenetsky Syndrome is detected at birth, is independent of the IOP level, is not progressive and, as opposed to simple congenital glaucoma, is accompanied by thickening (not thinning) of the cornea. Therefore, such cornea condition is one of the manifestations of congenital malformations of the eye's mesenchymal tissue.
Due to the fact that mesenchymal dysgenesis involves changing of all structures of the anterior segment of an eye, the following was studied in great detail: parameters of the cornea, lens and anterior chamber angle values, changes in the ways of the outflow of aqueous humor, the state of the iris at all stages of the disease ( Table 1) .
Discriminant Analysis of the Study's Results of the "Juvenile" and "Adult" Groups of Patients
Informative attributes, calculated from the F-Fisher criterion, are distributed as follows ( Table 2 ). The most informative attributes were the thickness of the iris stroma (F-score 22.1) and the degree of goniodysgenesis (F-score 22.16), with a significance level of P < 0.00001. It was observed that such features as the thickness of the cornea (the F-score 6.16) and the diameter of the cornea (F-criterion 1.9) appeared to have the same degree of canonical value construction with P < 0.05. In addition, the discriminant analysis revealed the possible impact indicators such as the degree of refraction (F-score 3.2 for P = 0.07), the length of an eyeball (F-score 5.64), the magnitude of the anterior chamber (F-criterion 3, 3 for P = 0.07). Therefore, the most important signs determining the formation of glaucoma in children are congenital subtotal dysplasia of the iris stroma, goniodysgenesis and corneal changes by type of megalocornea characterized by increase of the diameter and CCT of the cornea. Other signs altogether characterize the discrepancy between the length of the eyeball and the degree of refraction, because myopic component in these patients is compensated by a weak refractive power of the cornea with its congenital dysgenesis.
The Types of Inheritance of the Gene
The conducted Genealogical Analysis showed that all of the patients were Caucasian and did not have any other somatic or eye diseases [11] [12] . During the cytogenetic examination of the probands in families A, B, and C (pedigrees #1, 2, 3) no chromosomal abnormalities were found, which may indicate the monogenetic nature of the disease. The most common ways of inheritance of the Frank-Kamenetsky Syndrome are seen in the P. family (Chart 1). Healthy MaleAccording to the provided genealogical Chart 1, 3 boys with congenital hypoplasia of the iris are observed within the P. family. The oldest brother's glaucoma was diagnosed at the age of 5, the middle brother's IOP began to increase at the age of 21, and the younger brother had a phenotypic syndrome only at the age of 28. Their maternal grandfather was blind from glaucoma, and died at the age of 58. Proband's and sibling's mother does not have any vision problems but has micro signs of the disease.
Thus, the mechanism of inheritance of pathological signs in this syndrome corresponds to x-linked recessive manner on the following criteria: 1) Common in men.
2) All female children of an affected father will be carriers. (Daughters possess their father's X-chromosome in 100% cases). The sons of the daughter will have a 50% probability to be affected.
3) No male children of the sick father will be affected. (Sons do not inherit their father's X-chromosome). 4) Heterozygous females are considered carriers and generally will not manifest clinical symptoms of the disease, but some of them may have varying degrees of severity of the disease.
The presence of such micro phenotypic symptoms of the syndrome can be taken into consideration in a prenatal genetic diagnosis.
Discussion
According to the study results, the initial mesodermal layer thickness of the iris at birth is a sign of dysgenesis, which is directly correlated with the degree of goniodysgenesis, abnormalities of the cornea, and the presence of partial or complete posterior embryotoxon. In general, alteration of the iris may determine the degree of anterior segment dysgenesis [13] - [15] . Formation of glaucoma in children is caused by a combination of congenital abnormalities of the cornea, iris, and the iridocorneal angle, as well as the presence of coarse dysgenesis of the anterior segment of the eye. These are, namely, the association of subtotal hypoplasia of the iris's mesodermal sheet (thickness from 0 to 30 mkm) with symptoms of progressive dystrophy, congenital megalocornea, posterior embryotoxon, and dysgenesis of iridocorneal angle of II-III degree.
Identification of the criteria and mechanisms of glaucoma is important as it allows not only to diagnose the disease at early preclinical stages of development but also to assign pathogenetically-based treatment soon enough. The special importance in juvenile patients with glaucoma is the diminished visual function for several reasons. First, the development of glaucoma is an asymptomatic process, therefore an ophthalmologist is not involved until a later stage of the disease progression. Second, antihypertensive drug therapy has a weak hypotensive effect on this type of glaucoma. Third, is the progressive destruction of the iris, leading to impairment of accommodation and diaphragm function, which causes light scattering and further reduces a patient's visual acuity. Pathological process usually ends in late detection of glaucoma with blindness or poor vision at 40 -50 years of age. The combination of moderate iris hypoplasia with gonidysgenesis of I degree causes formation of glaucoma after the age of 20 -30, sometimes after reaching 40 years of age. At the same time the structure of the trabecular meshwork becomes differentiated and hydrodynamic blocks can be associated with the anatomical features of the trabecular meshwork structure. Glaucoma in these cases has a relatively benign course that is observed in adult patients.
Case History
Patient D., 11 years old, has complex pathological changes of the anterior eye segment: megalocornea, corneal diameter of 13 mm, posterior embryotoxon, front fixing of the iris, and the thickness of the iris stroma is 10 -0 mkm (Figure 9a) . Glaucoma developed at the age of 5. D.'s brother was first examined 5 years ago at the age of 14. At that time the typical two-tone coloring of the iris was identified, the anterior chamber angle was open, the trabecula was partially covered with gray fibrous tissue, and the thickness of the iris stroma was 180 mkm (Figure 9b) . Data for glaucoma for the period of examination and in the present time are not found.
Conclusions
Thus, the study of patients with inherited congenital mesenchymal dysgenesis and pathogenetic mechanisms of both the Frank-Kamenetsky Syndrome and glaucoma is allowed to determine the differences in the two clinical groups and to identify the criteria for early glaucoma development in patients with such syndrome.
Such criteria are a combination of: 1) Congenital subtotal atrophy of iris mesodermal layer (from 0 to 30 mkm) with signs of progressive dystrophy;
2) Nonprogressive congenital megalocornea (cornea diameter 12 -14 mm); 3) Iridotrabecular dysgenesis of II-III degree; 4) Hyperopic refraction in axial myopia. Thus, the formation of glaucoma in children is caused by dysgenesis of the anterior segment of the eye-a combination of congenital anomalies of the iris, cornea, and iridocorneal angle, which implies the inherited defects in the embryonic development of all germ layers of mesenchymal tissue.
